A comprehensive investigation of the low-temperature cracking mechanism in asphalt pavements was performed as part of a national pooled-fund study (6) . The analysis focused on comparing the parameters obtained from different test procedures and identifying correlations between asphalt binder and mixture parameters and field performance.
MOTIVATION
A comprehensive investigation of the low-temperature cracking mechanism in asphalt pavements was performed as part of a national pooled-fund study (6) . The analysis focused on comparing the parameters obtained from different test procedures and identifying correlations between asphalt binder and mixture parameters and field performance.
Field samples were cored or sawed from Minnesota's cold-weather road research facility (MnROAD) and highways in Minnesota, Wisconsin, and Illinois. Performance information was readily available for these samples (Table 1) . They were evaluated using current standard methods, such as indirect tensile test (IDT) creep stiffness and strength for asphalt mixtures; bending beam rheometer (BBR) and direct tension test (DTT) for asphalt binders; and newly developed testing protocols, such as the semicircular bending (SCB) test, disc-shaped compact tension (DCT) test, the single-edge notchedbeam (SEB) test for asphalt mixtures, and the double-edge notched tension (DENT) test for asphalt binders.
Field cores were cut into SCB, IDT, and DCT mixture specimens, and field beams were used for SEB testing. The asphalt binders used for BBR, DTT, and DENT testing were extracted from the mixture specimens tested in IDT and SCB according to AASHTO T164 as modified by the Minnesota Department of Transportation (DOT). The modification consists in the use of toluene as a solvent to prevent any interaction with the polymer present in PG 58-34 and PG 58-40 binders, as suggested in SHRP A-370 (7) . The recovery technique consisted in washing and filtering the loosened asphalt mixture with the mentioned solvent. Each filtrate was then distilled under vacuum in a rotary evaporator, and the binder was recovered and then centrifuged to remove fine aggregates. Finally, the decanted solution was distilled along with nitrogen gas to remove any remaining trace of the solvent.
Test results were correlated with total length of transverse cracking, which was assumed to represent a good estimator of lowtemperature cracking performance. Comparisons were made at temperatures representative for each site's local climate conditions. Low pavement temperatures (50% reliability) were obtained for each site from the Long-Term Pavement Performance (LTPP) database and LTPP BIND software. Since laboratory parameters were not obtained at those calculated temperatures, linear interpolation was used to estimate the appropriate values. The oxidative aging during the service life in asphalt binders used in construction of asphalt pavements significantly affects the performance of these pavements. A study investigating the effect of the pressure aging vessel (PAV) laboratory aging procedure on low-temperature properties of asphalt binders is presented. Bending beam rheometer creep tests and direct tension fracture tests were performed on laboratoryaged binders as well as extracted binders. Significant differences existed between extracted binder and PAV binder behavior at low temperatures. PAV aging was not always detrimental for asphalt binder fracture properties compared with the aging from rolling thin-film oven testing.
One of the factors that significantly affects the performance of asphalt materials during their service life is oxidative aging of asphalt binders used in the construction of pavements. Efforts from SHRP have resulted in two proposed methods for simulating aging during mixing and compaction and during service life: rolling thin-film oven (RTFO) testing (AASHTO T240-06) and pressure aging vessel (PAV) testing (AASHTO R28-06), respectively. In spite of considerable research performed in the past years in understanding the evolution of the aging process and in simulating field aging in laboratory conditions, many issues are still not well understood (1) (2) (3) (4) (5) , and the ability of laboratory aging methods to simulate field aging continues to generate strong debate in the research community.
In this paper, the effect of the PAV aging procedure on lowtemperature creep stiffness and fracture properties of asphalt binders is investigated. This was prompted by the fact that most research studies on oxidative aging have focused on high-temperature rheological properties. The low-temperature properties, which are the most negatively affected by oxidative aging, have received much less attention. This trend is surprising, since increased proportions of reclaimed asphalt pavement materials are used in asphalt pavement construction. are significant. The fracture parameters with the highest correlation with field performance are mixture fracture energy and toughness and extracted binder direct tension strain at failure. These results strongly support the critical need for an accurate evaluation of fracture properties of aged binders in asphalt mixtures and raise the question of how well laboratory aging procedures simulate field aging.
RESEARCH APPROACH
In order to investigate how well laboratory aging procedures simulate field aging relative to asphalt binder fracture properties, which had the best correlation to field performance, the following study was performed. Cores from MnROAD Cells 33, 34, and 35 were taken approximately 5 years after construction. The Superpave ® mix design was identical but three binders were used: PG 58-28 for Cell 33, PG 58-34 for Cell 34, and PG 58-40 for Cell 35. To investigate the effect of aging with depth, the cores were cut into three 25-mm slices from top to bottom, and the remaining part was discarded. The slices were marked with T (top), M (middle), and B (bottom), respectively. After the mixture testing was performed, the asphalt binders were extracted from the cores according to the Minnesota DOT-modified AASHTO T164 method. Several cores were combined for each mixture to extract enough binder for binder testing. Nine binders were recovered from the sliced cores (Table 3) .
The properties of the extracted binders were compared to the original binders used to construct these cells. The original binders were aged using RTFO and then PAV methods. Dynamic shear rheometer (DSR) (AASHTO T315-06) frequency sweeps from 1 to 100 rad/s were performed from 4°C to 76°C, and master curves of the absolute value of complex modulus and phase angle were generated using the Christensen-Anderson-Marasteanu model (8) . BBR testing was performed at two temperatures, and creep stiffness curves were obtained (AASHTO T313-06). DTT was performed at the same two temperatures, and stress-strain curves were obtained (AASHTO T314-07). The investigation also included DSR and BBR testing to fully characterize the aging effects on binder properties over a wider range of temperatures.
Visual inspection of ͉G*͉ master curves in Figure 1 indicates that PAV binders match extracted binders reasonably well, and the differences among the three layers of the core were relatively small. The finding that PAV aging matches field aging reasonably well confirms the results obtained in the original work that led to the development of PAV aging based on ͉G*͉ data.
Analysis of phase angle master curves reveals, however, significant differences between field-and laboratory-aged binders (Figure 2 ). For the two modified binders in Cells 34 and 35, the plateau observed in the PAV condition disappears almost completely in the extracted binders, which appears to indicate that either field aging or the extraction process, in spite of the measures taken, has affected the polymer phase in these binders.
Analysis of BBR creep stiffness curves indicates that for all three cells, the extracted binders are always stiffer than the PAV-aged binders. There is also a clear reduction in the slope of the creep stiffness curves (lower m-values) for the extracted binders compared to the PAV-aged binders, an indication of increased relaxation times at low temperatures. These results appear to indicate that the extracted binders have aged more than the PAV binders. This result is not entirely surprising since low-temperature testing was not used in the original development of the PAV aging procedure. Examples are shown in Figure 3 .
The DTT stress-strain curves for the extracted binders (top layer) and the PAV-aged binders are shown in Figure 4 . For all three cells, the extracted binders are not only stiffer but also more brittle than the PAV binders, with much lower fracture strains. This situation suggests that, similar to the BBR results, the extracted binders have aged more than the PAV binders. The differences are particularly significant for the PG 58-40 binder; the extracted stress-strain curve suggests that it is less crack resistant than the PG 58-34. This observation is in agreement with field performance data from MnROAD, which showed that Cell 35 had significantly more cracks than Cell 34, in which a PG-34 binder was used. This appears to indicate that the PG lowertemperature limit, based on BBR creep stiffness data, may not always result in the best material selection for low-temperature cracking performance.
These results prompted a revisit of the SHRP A-367 report (9) in which the PAV procedure was proposed. The authors acknowledge that low-temperature creep stiffness and fracture data (BBR and DTT, respectively) were not used in the validation process because of a lack of resources:
A detailed experiment was developed to validate that the chemistry and rheology of the residue from the PAV test replicate the chemistry and rheology of long-term field exposure (see figure 2.25). Unfortunately, resources needed to complete the experiment were directed to other tasks, and much of the data specified in figure 2.25 were not obtained. The results that were obtained do verify that similar rheological behavior is obtained in the laboratory and field, as illustrated by figure 2.26. Values of G* and size exclusion chromatography (SEC) fraction I that were obtained from several original laboratory-aged and field-aged binders are compared in figures 2.27 and 2.28. Overall, the results validate the hypothesis that the PAV test successfully mimics field aging. 
RTFO-PAV COMPARISON
The authors performed an additional experiment to better understand the effect of PAV aging compared to RTFO aging. BBR and DTT binder data obtained as part of the same pooled-fund study (6) were used in the analysis. Table 4 summarizes the set of binders used. A similar approach was used by Migliori and Corte, who compared prolonged PAV testing to the coupled aging procedure of RTFO and PAV (10) . The authors compared four unmodified asphalt binders for each aging condition by means of conventional consistency test (penetration at 25°C, ring-and-ball softening temperature), BBR, DSR, and asphalt content test. For the low-temperature properties, the binders were BBR-tested at four temperatures ranging from −10°C to −18°C. The experimental results indicated very high similarities for stiffness modulus at 60 s and m-values at 60 s obtained from RTFO and 5 h of PAV, respectively, and between RTFO + 20 h of PAV and 25 h of PAV, respectively.
Analysis of BBR data indicates, as expected, that PAV binders are stiffer and have longer relaxation times (lower m-values) than RTFO binders. This trend was observed for all binders and all test temperatures. As temperatures approached the PG lower-limit temperature (shorter times), the difference between RTFO and PAV diminishes considerably, which appears to suggest the existence of a common asymptotic value. Examples are shown in Figure 5 .
Analysis of the DTT stress-strain curves confirms the trends observed in the BBR data as temperature approaches the PG limit. For all binders tested, at the lowest test temperature with a strain rate of 3% per min (Figures 6b through 10b) , very small differences were observed between the RTFO and PAV conditions, and for some binders, such as PG 54-34 Modifier 1, PG 54-34 plain, and PG 64-28 Modifier 1, the failure stress and failure strain were identical for the two aging conditions. This observation indicates that the changes in fracture properties are not consistent with the expectation that PAV binders are more brittle than RTFO binders. The stress-strain curves obtained at 10°C above the PG lowerlimit temperature indicate that for most of the asphalt binders tested, PAV aging increases the brittleness of the binder, in particular in relation to the failure strain. This trend was not observed in the PG 58-28 Plain 2 binder, for which the RTFO and PAV stress-strain curves were similar.
SUMMARY AND CONCLUSIONS
The effect of the PAV laboratory aging procedure on low-temperature creep stiffness and fracture properties of asphalt binders was investigated in this study.
Three binders extracted from three cells at MnROAD were compared to the original binders used in the mixture preparations that were aged in the laboratory by using RTFO and PAV methods. DSR high-temperature data indicate very small differences between the ͉G*͉ master curves of the extracted and PAV binders. However, significant differences were observed in the phase angle master curves for the modified binders: the plateau seen in the PAV binders disappears for the extracted binders, which indicates a clear difference in the presence of the polymer phase for the two conditions. Analysis of BBR creep stiffness indicates the extracted binders were always stiffer than the PAV binders. There is also a clear reduction in the slope of the creep stiffness curves for the extracted binders compared to the PAV binders. These results appear to indicate that the extracted binders have aged more than the PAV binders. The analysis of the DTT stress-strain curves reveals higher fracture stresses and lower fracture strains for all extracted binders compared to PAV binders.
An additional experiment was performed to better understand the effect of PAV aging compared to RTFO aging. It was found that PAV binders had higher creep stiffness and lower m-values than RTFO binders. However, as temperatures approached the PG lowerlimit temperature (shorter times), the difference between RTFO and PAV diminished considerably, which appears to suggest the existence of a common asymptotic creep stiffness value. The analysis of the DTT stress-strain curves confirmed the trend observed in the BBR data as temperatures approached the PG limit. At the lowest test temperature very small differences were observed between the RTFO and PAV conditions, and for some binders, the failure stress and failure strain were identical for the two aging conditions. Therefore, the assumption that PAV binders are more brittle than RTFO binders is not valid at temperatures close to the PG limit. A number of important issues need to be further investigated. In the current PG specification, PAV-aged binders are used to determine the low-temperature specification limit, although PAV was originally developed on the basis of intermediate-and high-temperature G* experimental data. The current low-temperature specification is based on BBR data, and most of the time fracture testing is not considered, although research studies have shown that fracture properties correlate best with cracking occurrence. The stiffness-brittleness equivalence used in the original work done during SHRP was based on plain binders. In recent years, more modified asphalt binders and increased amounts of recycled materials are used in asphalt pavement construction. For these materials, this equivalence is most likely not valid and deserves additional research.
